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HIHEtAHEIiTAL  CCSROSIOH  SZUDIES 

mmcoronoH 

Ihe  significant  and  coc^eted  investigations  conducted  under  Contract 
Konr-495(ll)  during  the  period  Ftehruary  1,  1956,  through  January  Jl,  196I, 
have  'been  published  and  presented  as  technical  reports. 

A  limited  'but  inforoative  investigation  of  pitting  corrosion  appears 
in  Report  Ros.  I7  and  I8  and  is  suazsarized  in  Report  Bo.  19* 

Fart  I  of  this  report  includes  a  detailed  discussion  of  the  ccendeted 
study  of  stress-corrosion  craehing  of  the  aagnesiua-base,  J-1,  alloy. 

Fart  H  presents  a  surcary  of  the  incosgileted  vork  on  the  stress  corrosion 
of  austenitic  stainless  steel  by  liOO^  chloride  containing  vaters  and,  in 
particular,  the  role  of  corrosion  product  in  the  stress-corrosion  neehanisa. 

A  list  of  the  quarterly  reports  and  technical  publications  resulting 
under  this  study  is  shovn  in  the  'back  of  tbis  report. 


BART  I.  STRESS  CC8HD5I0H  CBACKIRG  OF  KA(^ESI19{-BASE 
ALLOY,  J-1,  BY  SALT-mCMdt£  SOTAJTICH 


A.  nffficsJUciiaH 

Stress-corrosion  Is  cracking  that  occurs  under  tlie  ccdblned  action  of 
a  tensile  stress  and  a  corrosive  nediun  •sdiich  is  ordinarily  selective  in 
its  attack  of  the  octal.  Considera'ble  eoounts  of  vork  have  heen  directed 
toward  understanding  the  oechanisos  involved  in  this  phenomenon.  It  is 
generally  accepted  that  intergranular  failure  is  an  electrccheoicsl  process, 
hut  the  oechanisia  of  trsnsgranular  failure  is  uncertain 

This  investigation  was  undertaken  to  study  the  stress-corrosion  of  a 
nagaesi;io-6^  aluBinuo-lSD  zinc  alloy  in  a  sodluo  chloride-potassiun  chromate 
solution.  A  considerahle  aaount  of  work  has  heen  done  on  this  alloy, 
prioarily  because  it  can  conveniently  he  oade  to  fail  in  either  a  trans- 
granular  or  intergranular  lamner  end  in  a  short  tine. 

The  effects  of  iron  content,  heat  trcatcssnt,  and  grain  size  are  the 
Dost  Inportant  subjects  investigated.  Corrosion  currents  in  both  trans- 
granular  and  intergranular  stress-corrosion  ere  discussed.  Hicrosccpic 
ezaninations  and  sound  ^ick!^  cpprratus  vere  utilized  as  veil.  Hxs  effects 
of  stress  level,  rschanical  properties,  tine  under  load,  pH,  surface 
treatment  are  also  discussed. 


B.  S(B«AHY  AHD  CCmUSIO^ 


X- 


A  study  of  the  stress-corrosion  cracking  of  a  mgr!esiua-6j^  alusdsuD-ljb 
zinc  alloy  vas  Dade  in  a  salt-chrocate  solution.  A  Dotion  picture  of  the 


stress-corrosion  process  vas  fUned. 


i 


Cie  conclusions  drsun  irca  this  investigation  are  as  follows: 

a.  Transgranular  stress-corrcslrei  t8]:es  3]lace  hy  a 
:sscbsnlsu  t^ch  consists  of  elteraste  steps  of 
electrochssical  and  oecbanlcal  aetloas.  Coi^sion 
current  seasureosuts,  crac&  advance  rates,  asid 
associated  sound  levels  are  ell  dlsccntliniouB. 
Haterial  idiich  is  susceptible  to  ^srsaegranular 
failure  is  inherently  more  brittle.  All  cf  these 
facts  indicate  that  transgranular  failure  is  e 
brittle,  discontdausus,  and  preds!sis£ntd.y  &ecban> 
leal  process.  A  aechanlaa  is  proposed  whsreby 
electroche?Blcel  attack  Initlatee  cracking  but 
brittle  aecpanlcsl  failure  causes  E»Bt  of  the 
destructive  setioa. 

b.  Stress-corrosion  ciarreats  sye  roughly  prcportiansl 
to  tL-.  ^plied  stress  in  the  plastic  rez2ge. 

c.  Uniforaity  of  surface  preparation  is  a  critical 
factcu:  in  the  reproducibility  of  corrosion  current 
jcsasurenents.  Inccrplete  preparaticn:  results  in 

a  ncre  cotmle?;  elsctrochesiical  systes. 

d.  Higher  iron  ccntcat,  lerger  grain  sise,  and  water 
quenching  all  prtaote  transgrsnuler  attack.  It 
is  believed  that  these  effects  are  all  associated 
■with  a  blocking  of  dislocatli^  saovosent  by  a  ?eil 
precipitate  vithin  the  grains  idiich  proootes  brittle 
nechanical  failure. 

e.  Intergranular  attack  is  associated  •with  •the  fona-tion 
of  KS17AI20  at  grain  boundaries.  5hiE  precipi'fca'te  is 
proEio-ted  by  furnace  cooling  freta  solution  heat  •treat- 
Eent  terpera'tures. 

f .  Sie  effect  of  pH  has  no  effect  on  •s&ether  stress 
corrosion  is  ■transgranular  or  Intergranular  -when 
specimens  ■with  large  grain  sizes  are  used.  Large 
grained  specimens  always  fall  in  a  transgranular 
EBnner. 

g.  Specimens  -which  are  stressed  for  long  periods  of  'time 
under  conditions  vhieh  pre/ent  fcszsa'tion  of  a  surface 
film  do  not  fail  -when  exposed  'to  the  sslt-chrsoate 
solution.  ^Qiis  effect  is  attributed  to  stress  relaxa¬ 
tion  associated  with  creep. 

h.  The  characteristics  of  the  two  types  of  failure  are 
the  sere  regsTdless  of  -idujther  constant  load  or 
constant  deflection  techniques  of  stressing  are  tised. 


C.  laoc'  '.jRE  ARD  APEARA3US 


1.  Breparatlon  of  Specimens 

All  material  used  in  this  Investigation  of  stress  corrosion  vas 
the  magnesinE-hase  alloy  designated  Dowaetal  J-1  or  ASM  Alloy  Bo.  AZSU- 
Hie  alloy  vas  donated  hy  the  Bcv  Cuenical  Caapany.  Tvo  production  lots 
vei'e  used^  vith  cor^tositions  as  shcvn  in  !Eahle  1.  It  cay  he  noted  that 
the  only  appreciable  differences  are  the  hl^er  aluainus  and  iron  contents 
of  Lot  Bo.  It4. 

In  all  cases  exc^t  vhere  noted,  specimens  3/16  x  3/16  x  k-l/2 
inches  vere  machined  from  a  rectangular  extruded  bar  vith  an  original 
cross-section  of  l/k  x  3/^  inch.  Bo  prior  heat  treatment  vas  utilized. 

Solation-anneal  heat  treatments  veie  given  ell  specimens.  Heat 
treatments  consisted  of  heating  at  650,  800,  or  900®?  for  2\  hoars  folloved 
by  furnace  cooling  or  quenching  in  vater.  Ghe  800®?  treatment  vas  utilized 
to  obtain  large  grains.  Hhe  900®?  treatment  vas  used  in  conjimcticn  vilh 
a  prior  cold-vnrMng  qpen'ation  of  %  reduction  in  area  by  longitudinsl 
rolling  and  produced  single  crystals  or  bi-crystals  across  the  vidth  of 
the  specimens.  Specimens  for  both  the  800  and  900®?  heat  treatnents  vere 
sealed  in  Pyrex  glass  ceqtsules  to  prevent  excessive  oxidation. 

Ketallographic  preparation  of  the  specimens  for  nicroscppic 
exanlnaticn  vas  as  fdllovs.  !Qie  specimens  vere  abraded  on  S^iO,  ^<00,  and 
600  grit  silicon  carbide  pepers.  Hie  specizsens  vere  then  'Uisbed  end 
initislly  polished  on  a  mediins  speed  ^eel  vith  on  a  Bufhler 

Bitter.  Sr  polishing  cloth  using  vater  as  a  lubricant.  Pinal  polishing 
vas  d'vie  on  a  csdlvm  speed  vheel  vith  ItgO  on  a  Baehler  Microcloth,  again 


\isiBg  vater  as  a  lubricant.  Bie  specimens  were  etched  vith  a  modified 
picric-acetic  etch  ccrgwsed  of  6  g  picric  acid,  I50  ml  e-feanol^  I8  aL 
acetic  acid,  and  I7  ml  of  dlatilled  vater. 

2.  SaperlTnental  Apparatus 

The  experimental  apparatus  used  in  this  investigation  is  shown 
in  Fig.  1.  tMLess  otherwise  indicated,  all  specimens  vere  stressed  in  a 
holder  constructed  of  Lyitfaane,  an  electrically  ^T»CT^  ng  i^terial.  A 
pictorial  representation  of  a  specimen  movmted  in  the  holder  is  shown  in 
Fig.  2.  Die  distance  between  the  end  sigiports  of  the  specimen  holder  is 
four  inches.  Ihe  stress  in  the  c>iter  fibers  of  the  specimen  at  the  point 
of  rgurimg-i  stress  is  proportional  to  the  sa^ur.';  of  tefl^crtLon.  An  approxL- 
rate  value  of  stress  is  calciilated  frcQ  the  eouatloa: 


vhere  S  is  the  stress,  y  is  the  deflection  In  inches,  E  is  Yeung’s  modulus, 
C  Is  half  the  specimen  vldth  and  L  is  the  s^cimesa  length  in  Inches. 

After  stressing,  the  specimen  end  holder  vere  pieced  in  a  con¬ 
tainer  of  the  corrosive  medium  which  vas  attached  to  a  nicrcoeter  travel> 
ing  stage  under  the  microscope.  Electrical  connectic^  for  the  Beasurcoent 
of  corrosion  correnta  generated  between  the  stressed  specimen  (anode)  and 
an  unstressed  specimen  of  the  J-1  alloy  (cathode)  are  shown  in  Fig.  2.  Qie 
microscope  permitted  fe?.thsr  direct  visual  observaticn  or  motion  picture 
microscopy  to  be  vised. 

In  addition,  a  ccszcercialiy  available  sound  detectlcn  tait  was 
used  to  record  the  sounds  of  the  stresB-corrosion  process.  5he  unit  osn- 
sisted  of  a  l/4-inch  diameter  metallic  probe  10  inches  long,  a  crystal 


Eilcrpphoae  i&ich  vas  xemanently  attached  to  <aie  end  of  the  probe,  and  a 
high-gain,  lov-aoise  asplifier.  The  tip  of  the  probe  vas  in  contact  vith 
the  speclnen  and  the  output  of  the  anpdifier  vas  recorded  on  a  cooaerciel 
TJebcor  tcpe  recorder  or  a  laotion  picture  sound  track,  as  desired. 

The  corrcsive  seditas  vas  usually  a  sodiun  chloride-potassium 
chrcmate  solution  (pH  =  9)  consisting  of  to  grass  of  BaCa.  and  to  grass  of 
per  liter  of  vater.  The  one  exception  vas  a  solution  of  35  grsas 
sodim  chloride  and  20  grsDs  of  potassium  dichr-mate  per  liter  of  vater 
(pH  =  5-5)  i*ich  vas  used  to  determine  the  effect  of  ^  value  on  type  of 
stress-corrosion  failure. 

3-  Experimental  Procedures 

a.  Study  of  Met«iitnrgl>«el  Structure 

Specimens  fTcsa  both  production  l>.ts  of  the  J-1  alloy  vere 
prepared  aetellograjhically  and  microscopically  to  detemine  the 

structure  of  the  allov  in  the  as-received  condition.  Rimiln-r  examlnationB 
vere  made  after  heat  treating  at  the  650,  8OO,  and  900°?  terperatarfes 
followed  by  either  furnace  coolixig  or  quenching  in  vater.  These  speclsens 
vere  exposed  under  standard  test  coadlti<His  to  determine  the  lype  of  failure. 

b.  Hesalution  of  Sound  Associated 
Hi 

An  audio  pieitp  vas  utdllZsid  to  detemine  if  any  sound  vas 
associated  vith  the  cracking  process  of  the  alloy.  In  addition,  it  vas 
attempted  to  determine  the  ersct  cause  of  the  sound  *  to  correlate  '&is 
vith  a  mechanism  of  crack  propagation.  These  noise  determinatlazis  vere 
on  all  Tans. 
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c.  Evaluation  of  Chaageg  in  glectri^al  Seslstance 

Several  attesrots  vere  nade  to  detemlne  tiie  distance  of 
crack  penutretirai  Ijy  'aeasareaents  of  cbenss  speclnen  resistance. 

d.  Mbasuressnts  of  Ccrrosloa  Current 
as  an  Brpertneatal  Method 

Corroslcn  currents  vsre  Eiasured  In  tae  nnnngr  ealained 
earlier  between  stress-corrosion  spedsens  (anodes)  and  urstressed  speci- 
nens  (calixodes)  of  the  J-1  alloy.  AH  electrical  leads  -were  insulated  and 
an  insulating  la^er  of  Scotch  Electrical  'jla^  5».  ^5  vas  applied  to  the 
specinen  ends  leavli^  only  an  area  0.?  inch  long  at  the  of  the  bend 
exposed  to  the  soiutiaa.  Speciiaens  were  tested  at  a  deflection  of  0.1^ 
inch.  Eroe  a  theoretical  calculation,  this  gives  a  stress  value  of 
^,000  psi.  DupGLicate  speclaens  vere  solution-annealed  for  hours  at 
650°?  and  vater-quenched  and  then  tested  to  deh  .ndne  if  the  neesureaents 
of  corrosiaa  cinrreats  vere  reprod»sible. 

e.  Effect  of  Stress  on  Corrosion  Currents 

A  series  of  three  speclnens  ves  run  to  detersine  if  corrosioi 
currents  generated  during  testing  vere  dependent  xoon  stress  level.  2ie 
three  ^clnens  vere  all  rachlned  frca  the  sezie  prodncticai  lot  and  vers 
sdutica-annealed  at  for  2V  hours  end  vatar-qoenched.  Ihs  specinens 

vere  stressed  to  deHectiaas  of  O.I3O  inch  (60,000  psi),  0.150  inch 
(69,000  psi),  and  0.I6B  inch  (78,000  psi),  respectively.  Corrosion 
currents  vere  zsasured  in  the  standard  oenner. 

f.  Effect  of  Surface  Pre;^ratioa 
on  Corrosiaa  Currents 


IVo  spectoens  vsre  tested  to  substantiate  belief  that 
unifoinity  of  svarfBce  preparation  vas  a  critical  variable.  Cne  specinen 


of  lew  iron  level  was  sblutico-aiaiealed  for  2h  hours  at  650°?  aad  vater- 
quenched.  Surface  preparation  was  deliberately  lacce^ete  and  consisted 
only  of  ax.>*B{:iQn  in  randon  directions  with  ^iCX>*grit  silicon  carbide  paper 
■which  •was  Just  siifficient  -to  partially  reoove  "the  oxide  layer  foraad  dar¬ 
ing  heat  treatment.  Qie  second  specicen  received  an  identical  heat  treat- 
nent  but  was  prepared  using  nomal  netallographic  techniques.  2ie  speci- 
csen  vas  -then  e9q>osed  'to  noxsal  laboratory  air  for  1)00  hours  in  the  im- 
s-ixessed  ccadltion  before  e^^osure  -to  standard  s-tress-corrosive  coc^-tions. 

g.  Effect  of  Creep  on  Streps-Corrosion 
Susceptibility 

A  speciosi  tniich  had  been  subjected  to  -the  standard 
•water-quench  beat  treatsent  -was  s-tressed  -to  a  deflecti-m  of  0.163  inch 
(78,000  psi)  and  allowed  to  stand  in  vaciasa  for  1)00  hours.  51ie  ^ciaen 
vas  than  exposed  -to  s-tandard  teat  cs&diti;:sns. 

h.  Effect  of  Constant-  Loading  Techniscss 
TO  Cogrosion  Currents 

Several  specisens  -ware  run  under  condi-tians  of  constant 
load  ra-ther  -than  constant  deflectdon  to  detemina  if  the  nethod  of  load¬ 
ing  hsd  any  effect  to  -the  curves  of  corrosicn  currents  plotted  egaii^t  tins. 
Two  speciaens  -were  aachined  -to  final  dlaensions  of  5  O.5OO  x  O.OliO  inches. 
Cfae  speciaea  -was  heat  -treated  at  650®?  for  24  hours  and  forziace-cobled, 
vhilc  -the  second  -was  given  a  ^  cold-roaiing  gexa-tion  fcdlcwed  by  an 
600®?  sblution-annesl  -witi  veter  quenching-  Both  speciaens  were  placed  In 
solutioa  to  supports  four  inches  apart  and  loaded  in  their  centers  with  a 
dead  -weight  sufficient  to  obtain  a  stress  level  of  45,000  psi.  All  parts 
of  the  apparatus  -were  son-aetallic  to  prevent  stiuy  galvanic  current  genera- 
tlon.  Corrosion  currents  -were  i3a&s>\red  against  cathodes  of  the 


J-1  alloy. 


i.  Kicroscopic  Observations  and  Motion  Pictures 

All  runs  zzAe,  vita  the  exception  of  the  constant  load 
deteminations  nentioned  Imediately  above,  vere  observed  nicroscopically 
and  sane  vere  recorded  by  notion  picture  licroscopy  techniques  at  ragnifi- 
cations  of  iiOx  ai^d  30x.  A  l6  m  "Auricon"  sound  notion  picture  cenera  vas 
ncunted  vith  a  bean  splitter  directly  onto  the  nicroscope  as  shovn  in  Fig-  1- 
uiie  Motion  Picture  Division  of  the  Department  of  Photograjhy  of  S»e  Ohio 
State  University  assisted  in  the  photograxhy. 

j.  gie  Effect  of  pH  on  Stress-Corrosron 
in  Salt-Chrccate  Solutions 

Several  specirens  vere  prepared  vith  single-grain  boundaries 
oriented  nearly  transversely  across  the  sped, tens.  Soall  notches  vere 
filed  in  the  grain  boundaries  at  the  specimen  edges  to  insure  crack  initia¬ 
tion  at  these  points.  Specirsens  vere  produced  vith  furnace-cooling  and 
vith  vater- quenching  to  prcaote  intergranular  or  transgranuler  cracking, 
respectively.  Both  types  of  specirens  vere  exposed  in  the  standard  salu- 
tion  of  liO  g  IsaCa.  and  1^)  g  i^CiOi,  per  liter  of  vater  (pH  =  9-0)  snd  in  a 
solution  of  35  S  5^3.  and  20  g  X^CrOj  per  liter  of  vater  (zS  =  5-5)  ^ 
datemine  if  had  any  effect  on  the  l^'pe  of  cracking. 

k.  Sffect  of  Variables  on  uype 
of  Stress-Corrosion  Failure 

in  order  to  understand  the  isechenisss  of  both  transgranular 
p-nd  intergranular  failure  more  fully,  a  final  series  of  experinents  vas 
undertaken.  Six  specimens  of  each  production  lot  vere  prepared  by  solutioi- 
p-nr-.oft'i  -ir.g  at  600,  jOO,  end  (after  a  5^  cold  rollxug  operation)  for 

24  hours,  ihree  specimens  heated  at  each  terperature  vere  furnace-cooled 


9 


and  •three  vere  vater-quenched.  In  ■this  ranner,  the  effects  of  iron  con'tent, 
grain  size,  and  cooling  nethod  vere  all  in'troduced  as  -irariables.  AH  speci- 
Esns  vere  stressed  at  a  deflection  of  0.150  inch  {69,000  psi)  in  'the  s'tand- 
ard  salt-chrccate  solu-tion.  Kicrcsccpic  ohserva-tions,  ceasnreDsn'ts  of 
corrosion  curren'ts,  and  de'teitsinations  of  sounds  ■were  rv>.{ip  slml'taneously 
to  be  utilized  in  the  analysis  of  resul-ts. 

£.  Hardness  and  lizpact  Resistance  Values 

lb  further  s\qn>ly  a  basis  for  nechanisns  of  -the  ■two  'types  of 
s'tress-corrosion  cracking,  hardness  and  Inpact  resls'tance  rseasurenen'ts  -were 
nade  on  one  speciren  in  the  650°F  furnace- coded  condition  and  one  in  'the 
high  terpeirature,  s'train-annealed,  and  vater-quenched  condi'tion. 

D.  HSSUL5S  AHD  DISCUSSI05 

1.  Study  of  tetallurgicel  Btruc'ture 

Figure  5  shovs  the  as-received  s'tructure  of  the  ■two  lots  of  alloy- 
used  in  the  investiga'tion.  Ihe  air  coding  after  hot  extrusion  prccotes 
the  slight  precipitate  of  Hg^-jAl^p  at  'the  grain  boundaries.  Sdid  sdu- 
uion  nicrosegregation  is  exhibi'ted  in  bo'th  specirens  as  the  precipitated 
"banding”  effect  shows  and  is  rsore  pronounced  in  the  alloy  ■with  high  iron 
content.  Grain  size  ■was  detemined  to  be  ASilH  Ko.  12  by  use  of  the  ASilK 
non-ferrous  grain  size  standard  charts. 

Figure  shovs  the  structure  of  Lot  I?o.  (low  iron  content)  after 
sdution- annealing  for  2li  hours  at  650°?  foHcwed  by  furnace-cooling  or 
water-quenching .  It  can  be  noted  that  a  hea-wy  precipitate  of 
exists  in  the  furnace-coded  specimen.  Grain  size  is  still  ASTM  Ko.  12. 


Ho  change  in  structure  vas  noted  after  the  JOO  end  900°?  heat  treat- 
cents  except  that  grain  size  increased  vith  annealiJJg  terwrature-  At 
800°F,  grain  size  vas  ABU'S  Ko-  4,  while  a  9CX>°?  treatasnt  following  a  5^ 
cold-rolling  operation  produced  speciiseas  with  single  or  bi-crystalr  across 
their  width.  “Ihe  only  difference  between  specinsens  of  the  two  lots  which 
received  identical  heat  treatoents  was  a  heavier  grain  boundary  precipitate 
in  the  lot  vixh  higher  iron  content 

2.  Resolution  of  Sound  Associated 
Hith  the  Cracking  Process 

Using  tne  sensitive  sound  detection  apparatus  described  previously, 
it  vas  deterrined  early  in  the  Investigation  that  noise  was  associated  vith 
the  stress-corrosion  cracking.  The  possible  causes  were  considered  to  be 
evolution  and  collapse  of  oicrobubbles  of  hjdrogen  or  actual  nschanicel 
fracture.  Unstressed  specicens  in  the  IfeCl-KgCrOij  scluticn  produced  a 
siicilar  noise  so  that  hydrogen  evolution  was  thaught  to  be  the  caxise. 

Support  of  this  idea  vas  found  in  an  identical  noise  produced  by  the 
evolution  of  hydrogen  froa  zinc  retd  in  hj-drochloric  acid.  The  noise  of 
hydrogen  evolution  fbcn  a  general  corrosive  attack  on  the  spectoen  vas 
eliminated  by  insdating  the  entire  specimen  except  for  a  0.500- inch  length 
at  the  area  of  riAvirrii-i  stress.  The  noise  of  hydrogen  evolution  frts  '^e 
crack  vas  negligible  when  the  generd  evolution  of  hydrogen  vas  thirs  elimi¬ 
nated.  In  later  work  it  vas  noted  that  a  loud  crackling  noise  was  produced 
during  stress-corrosicsi  of  specimens  which  were  susceptible  ody  to  traas- 
granular  cracking.  This  noise  vas  duplicated  by  mef>'p-Tii rpi  1  y  stressing  to 
failirre  a  specimen  which  vas  susceptible  to  transgranular  failure  end  failed 
in  a  brittle  zaanner.  Ro  sound  vas  produced  by  stressing  with  Identicd 
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•fcechnicuss  an  intergranular-prone  spaciEsn  iriiicb  failed  only  after  consider¬ 
able  elongation.  This  sound  of  nechanlcel  fracture  ia  considered  an  ia- 
portant  factor  in  the  hypothesis  concerning  a  node  of  transgranuler  failure 
vhich  vill  be  discussed  in  a  later  section. 

3.  Evaluation  of  Charges  in 
Electrical  Resistance 

'ibe  technique  of  neasuring  changes  in  electrical  resistance  has 
been  used  in  recent  years  to  obtain  large  amounts  of  data  rapidly  on  uni¬ 
form  corrosion  rates  for  long,  thin  specimens.  Ibe  idea  shruld  be  applic¬ 
able  to  stress-corrosion  testing  vhere  the  effective  cross  section  is 
.■^pidly  decreasing  arm  thus  the  resistance  of  the  speclrsen  is  rapidly  in¬ 
creasing.  Ibe  apparatus  used  in  this  vork  is  shown  schenatically  in  Fig.  5- 
Measurements  of  the  voltege  drop  enross  the  standard  l.OOO-dhn  resistance 
16  equivalent  to  sn  ertrenely  accurate  ncacurcrsnt  of  the  current  flowing 
in  the  system.  Ibe  measured  voltage  drop  across  the  speclren  divided  by 
the  current  then  gives  the  resistance  of  the  specimen  in  precise  terms. 

It  vas  found  that  an  extremely  high  ratio  of  length  to  area  is  required  for 
accurate  reproducibility.  Ibe  required  ratio  is  Irpractical  for  the  constant 
deflection  technique  need  in  these  e^eriments  and  this  technique  vas  thus 
abandoned. 

If.  Measurements  of  Corrosion  Current 
as  a  Itest  Method 

Results  from  this  technique  appear  extremely  premising.  Ibe 
results  of  the  two  specimens  vith  identical  heat  treatments  vhich  vere 
stressed  to  the  seme  level  of  69»000  psi  are  shown  in  lable  2.  Ibe  repro- 
ducibilixy  is  excellent  and,  on  the  basis  of  this  earoeriment,  measurements 
of  corrosicxi  currents  vere  used  extensively. 
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5-  Effect  of  Stress  on  Corrosion  Chirrents 

Corrosion  currents  vhich  ere  generated  "by  the  action  of  stress- 
corrosion  are  df-iendent  xroon  the  stress  level  in  the  plastic  range.  Figure  6 
shOTs  a  curve  of  corrosion  cvirrents  plotted  egainst  ting  for  three  speciaens 
vith  nocinal  stress  le-.-els  of  60,000,  69,000,  end  78,000  psi.  As  the  stress 
is  increased,  tne  cracking  initiates  core  quickly,  the  corrosion  current 
reaches  a  higher  naximm,  and  the  spacinen  fails  to  cccpletion  care  quickly. 

6  Effect  of  Surface  Preparation 
on  Corrosion  Currents 

A  specin-en  vas  ej^sed  with  deliberately  incomplete  surface  pre- 
peration  and  one  was  allowed  to  stand  unstressed  ^  norr.al  laboratory  air 
for  1*00  hours  before  exposure  to  test  conditions.  In  both  cases  the  corro¬ 
sion  currents  generated  were  erratic  and  not  reproducible,  while  excessive 
pitting  resTilted.  Ihis  indicates  that  the  scratches  and  oxide  filn  layer 
cause  a  ccsplex  electrochemical  systen  vhich  cannot  be  analysed  by  conven¬ 
tional  techniques .  The  results  also  emphasize  the  importance  of  proper 
surface  preparation. 

7'  Effect  of  Creep  on  Stress- Corrosion 
Susceptibility 

Ihe  specimen  vhich  vas  stressed  to  a  deflection  of  O.l6o-inch 
(76,000  psi)  in  vacuum  for  ifOO  hours  prior  xo  xesxing  did  not  initiate  a 
crack  after  JO  minutcc  of  exposure.  Ihe  speciiaan  and  holder  were  then  re- 
laoved  trcz  solution  end  the  stressing  screw  vas  loosened.  Measiiremsnt  of 
the  specimen  then  shoved  that  a  permanent  deflection  of  0.102- inch  had  been  I 

Imparted  by  the  long  stressing  period.  Inis  indicates  that  creep  bad  been  | 

t 

operative  to  reduce  the  stress  below  a  value  at  which  stress-oorrosion  could  | 

occur  under  conditions  of  the  test.  J 
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8.  Effect  of  Constant  Loading  Techniques 
on  CorroLion  Currents 

Str'ssing  under  constent  load  conditions  subjects  the  speclnisns 
to  a  Eore  severe  test  then  does  a  constent  deflection  technique.  In  the 
constant  deflection  method,  stresses  begin  at  ccae  low  level,  quickly  reach 
a  naximn  as  the  specimen  begins  to  fail,  and  then  rapidly  drop  off  to  zero 
as  the  stresses  are  relieved  by  the  widening  crack.  Constant  load  conditions 
produce  a  situation  wiere  the  stress  level  is  constantly  increasing  as  the 
cross  section  of  the  specimen  decreases.  Constant  deflection  techniques 
were  used  in  the  najority  of  this  work  since  they  permit  easier  microscopic 
examination  Results  frtn  specimens  heat  treated  at  65O  or  800°?  and 
stressed  under  conditions  of  constant  load  showed  a  steady  increase  in 


corrosion  current  fron  zero  to  a  ma: 


value  \diich  was  reached  at  the  time 


of  cormletion  of  cracking.  Bie  specimen  heated  at  f50°?  and  furnace-cooled 
failed  in  an  intergranular  ranner  and  showed  a  regular  increase  of  corrosion 


current  vita  time  to  a 


of  25  micro-arperes.  lie  specimen  which  was 


given  a  5^  cold-rolling  operation  followed  by  heat  treatment  at  600°?  end 
a  water- quenching  failed  transgranuiarly  and  the  curve  of  corrosion  current 
versus  time  shewed  several  large  irregularities  which  seemed  to  correspond 
with  the  advance  of  the  crack  tip  across  grain  boundaries.  The  nexlrum 
value  of  corrosion  current  for  this  specimen  was  kO  micro-amperes.  Erom 
these  resxilts,  it  is  ccncl\jded  that  the  curve  of  corrosion  currents  reaches 
a  T-A-iriraTn  at  the  tine  when  stresses  acting  upon  the  specimen  are  at  a  raodmum. 

9.  Microscopic  Cfbservations  and  Motion  Pictures 

Ifae  microscopic  observations,  some  of  ’Aich  were  preserved  in  the 
frrm  of  a  motion  picture,  were  very  Important  in  the  atterpts  made  to 
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uuderstaad  the  EjechaniBns  of  Etress-corrosion.  Both  trensgren’ilex  and  inter¬ 
granular  cracke  vere  observed.  Bie  appearance  of  twins  as  the  stress  con¬ 
centration  changed  and  the  appearance  of  slip  lines  vere  recorded  on  filn 


as  veil. 

"Ihe  inn>ortent  linitation  involved  in  microscopic  examination  is 
that  the  observation  is  necessarily  restricted  to  surface  phenomenon.  “1516 
situation  in  the  interior  of  the  nateriel  is  unknown.  Eovever,  as  till  be 
explained  later,  the  use  of  audio  and  eleccrical  techraques  in  conjunczion 
with  microscopic  techniques  is  thought  to  permit  a  Three  dimensional  analysis. 
For  these  reasons,  an  observed  plastic  deformation  ’’shock  vave"  vhich  pro¬ 
pagated  in  advance  of  the  crack  tip  is  believed  actually  to  be  an  indica¬ 
tion  of  crack  progress  beneath  the  surface  "imich  then  svtddenly  breaks 
through  the  surface  layer  to  appear  as  a  large  step  in  the  crack  advance, 
ais  assumption  is  based  on  continuous  corrosion  cur.rent  measurements  and 
audible  sounds. 

10.  Ihe  Bffect  of  pH  on  Stress-Corrosion 
in  Salt- Chrcmate  Solutions 

Hesults  of  the  large  grained  specimens  vhich  were  eiroosed  to  both 
KaCl-J^CrOij  (pH  =  9-0)  and  liad-i^CrOy  (pH  =  5-5)  solutions  indicate  that 
specimens  with  large  grain  site  always  fell  transgranularly.  Even  vhen 
cracking  was  initiated  by  pre-notchlng  the  specimen  at  a  grain  boundary 
wfaicb  essentially  ran  at  right  angles  across  the  specimen,  cracking  would 
deviate  froa  the  grain  boundary  and  proceed  transgranularly.  lihis  effect 
was  noticed  in  both  solutions. 
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11.  Effect  of  Variables  on  Type  of 

Stress-Corrosion  Failure 

Microscopic  observations,  Eeasurecjsnts  of  corrosion  cxirrent,  and 
audio  pickup  vere  ell  used  slEUltaneously  since  prior  e:g>erience  indicated 
that  correlation  of  these  three  test  rethods  pemitted  a  reliable  analysis 
of  the  total  phenonenon. 

The  effect  of  each  variable  vas  evaluated  by  obtaining  average 
values  for  the  corrosion  currents  of  three  identical  specimens  vith  the 
seiaa  iron  content,  tprain  size,  and  cooling  rate.  Qualitative  observations 
vere  rade  concerning  the  sound  produced  and  the  nicroscqpic  observations. 

Tfeble  3  presents  a  sunnnry  of  all  corrosion  currents  vhich  vere 
zaeasured.  Measurements  vere  mde  at  20-second  intervals  threu^out  the  run, 
but  nsolnun  values  are  considered  to  be  most  significant  for  tiie  parpose  of 
analysis.  The  percentage  of  transgranular  failure  vas  obtained  by  visually 
counting  the  ntciber  of  grains  vhich  failed  in  a  tran->granular  manner  end 
dividing  by  the  total  number  of  grains  across  the  specimen  vidth. 

Several  significant  trends  vere  noted  free  this  data.  The  speci¬ 
mens  vith  the  higher  percentages  of  transgranular  failure  ejoiibited  higher 
r-aytTvt  in  rTI  cases.  Percentage  o'**  trensgreniilar  failure  increased  vith 
higher  iron  content,  faster  cooling  rate,  and  larger  grain  size. 

Although  it  is  not  shown  by  Table  3^  corrosion  currents  of  the 
specimens  vhica  failed  in  a  predooinantly  intergraniilar  manner  vere  more 
reproducible  throughout  the  run.  It  vas  noted  that  the  curves  for  specimens 
which  failed  iatergranularly  were  smooth  and  regular  as  shown  in  Fig.  7- 
However,  Fig.  3  shows  that  rather  severe  fluctuations  appear  in  a  ciurve  for 


predca2lnate3  „•  transgraiiular  failure .  For  the  piurpose  of  illustrating  this 
point,  corrosion  currents  vere  read  at  intervals  of  ID  seconds  to  provide 
a  Eiore  accurate  analysis. 

It  vas  also  noted  that  the  tirs  to  failure  in  the  traasgranuler 
crack- susceptible  speciriens  vas  proportional  to  the  nuhber  of  grain  bound¬ 
aries  crossed  by  the  crack  tip. 

It  vas  observed  nicroRccpicaHy  that  intergranular  cracks  advanced 
at  a  fairly  imifom  rate.  IJransgranular  cracks  advanced  in  short  bursts  and 
appeared  to  halt  terporarily  -idien  the  crack  tip  reached  a  grain  boundary. 

A  crackling  noise  vas  detected  continually  during  transgranular  failure  but 
the  sound  level  \-aried  considerably.  During  intergranular  attack,  sound 
vas  essentially  absent  in  all  cases.  It  appears  that  the  fluctuations  in 
corrosion  current,  the  step-'iise  crack  advance,  and  the  variations  in  sound 
vhich  are  associated  vith  transgranular  cracking  are  cccplenentary.  Sini- 
larly,  the  smooth  ciav'es  of  corrosion  ciurrent,  the  constant  rate  of  crack 
advance,  and  the  virtual  ab.sence  of  soiuid  daring  intergranular  failiare  seen 
to  correspond  vith  one  another. 

12.  Hardness  end  Irroact  Resistance  Values 

Five  deteminetions  of  hardness  vere  cade  on  one  specimen  vhich 
had  failed  in  a  transgranular  manner  and  on  a  specimen  vhich  had  failed  in 
an  intergranular  nanner.  5he  average  iOaoop  hardness  value  for  the  first 
vas  32.5  end  for  the  second  vas  53- 2-  Charpy  irpact  testing  of  a  specimen 
susceptible  to  transgrantilar  cracking  ga'-'e  a  value  of  5-5  foot-pounds, 
vhile  the  sene  test  of  a  speclnsn  susceptible  to  intergranular  failure  gave 
a  value  of  7.2  foot-pounds.  Both  types  of  test  indicate  that  naterial  vhich 
fails  transgranularly  is  inherently  core  brittle. 
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15-  General  Discussion  of  Results  Applied 

to  a  Proposed  Mechanisn  for  Transgranuler 
Stress-Corrosion 

Die  results  of  this  investigation  support  the  previously  advanced 
theory  vhich  indicates  that  different  mechanisris  exist  for  transgranular 
and  intergranular  stress-corrosion  of  the  J-1  alloy  in  the  salt-chroaate 
solution.  Differences  in  structure  contribute  to  this  variation  in  types 
of  attack.  Eie  differences  betafeen  corrosion  current  curve;  Eubstsntiate 
the  distinction  bet.’een  types  of  atteck.  Ihe  sound  vhich  is  associated 
vith  transgranular  failure  and  is  absent  during  intt “granular  attack  further 
emphasizes  the  differences  of  ciechanisris .  Ihe  relatively  constant  rate  of 
crack  propagation  in  speclcens  failing  in  an  intergranular  tanner  as  ctst- 
pared  to  the  cl served  tenporary  cessation  of  crack  advance  at  grain  bound¬ 
aries  end  the  step-vise  propagation  through  the  grains  during  transgraniilar 
failiore  are  also  significant.  Electrochenistry  and  stress  are  each  cem- 
tldcred  to  be  of  Irportance  in  both  types  of  cracking. 

It  is  believed  that  stress  acts  only  to  pull  the  netal  apart  dur¬ 
ing  intergranular  stress- corrosion,  vhile  electrochenical  attack  due  to  the 
potential  difference  -vdiich  exists  between  grain  boundaries  and  grain 
interiors  causes  the  rapid  failure.  !I5ie  absence  of  sound,  vhich  is  associated 
vita  cechenical  failure,  supports  this  idea. 

It  is  not  presxEaed  that  this  investigation  is  positive  evidence 
of  a  detailed  theory  of  transgranular  strecs-corrosion.  However,  several 
notevorthy  conclusions  have  been  reached  vhich  strongly  indicate  a  possible 
cschanisn.  Electrochenistry  nust  play  an  Irroortant  role  in  the  transgranular 
attack,  as  indicated  by  the  corrosion  currents  generated.  Sie  fluctuations 
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in  corrosion  current  indicate  a  discontinuous  rate  of  propsgation,  as  do 
the  variations  in  the  associated  noise  level.  !Ihe  noise  produced  during 
failure  is  also  considered  indicative  of  a  predominantly  mechanical  fail¬ 
ure.  “This  Efichanical  failure  proceeding  in  a  discontinuous  manner  could 
cause  the  fluctuations  in  corrosion  current  by  exposing  fresh  anodic  metal 
at  varj-ing  rates.  Ihe  brittleness  associated  vith  the  specimens  vhich 
are  susceptible  to  traasgranuler  failture  can  be  assocated  vith  a  blocking 
effect  on  dislocation  ecrvement  -imich  prevents  plastic  deformation. 
fact  that  va ter- quenching  and  high  iron  contents  have -been  associate  vitzi 
both  tran.'-granuler  attack  susceptibility  and  a  segregation  of  Fell  pre¬ 
cipitation  vithin  the  grains  suggests  that  this  sub-nicroscopic  precipi¬ 
tate  nay  be  responsible  for  the  hypothesized  dislocation  blocking  effect. 
Biis  precipitate  has  been  reported  to  fom  on  the  basal  plane.  It  is 
possible  that  the  iron  present  in  the  alley  nay  distort  the  lattice  and 
thus  pre/ide  the  activation  energy  necessary  to  aid  the  passage  of 
nagnesita  into  solution  as  ioi's. 

In  surzary,  the  nsebanisn  of  transgranular  attack  vould  appear 
to  be  a  discontinuous  one  of  alternate  stages  of  nechanical  failure  and 
electrochenical  attack  vith  the  nechanical  stage  predominating .  Ihe  func¬ 
tion  of  electrochenical  attack  seens  to  be  fomatioa  of  trenches  until  a 
high  stress  concentration  is  reached.  At  that  point,  the  nechanical  fail¬ 
ure  occurs  in  a  brittle  rsnner  for  a  finite  distance  unuil  some  recheni- 
cally  strong  obstruction  such  as  a  grain  boundary  is  reached.  Electro¬ 
chenical  dissolution  then  renoves  the  obstruction  and  the  brittle  nechanical 
stage  repeaxs  itself.  Ihe  brittle  behavior  is  attributed  vO  blocked  dis¬ 
location  novenent,  caused  by  the  Feil  precipitate. 
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Table  3-  "Cie  Effects  of  Iron  Content,  Grain  Size,  Cooling  Rates 
on  CcrrcEion  Ciirrents  Generated  During  Stress-Corrosion 


5&  Trans- 
granular 
Railure 

Eeat 

Treatzjent* 

Asn? 

Grain  Size 

%  Iron 

FaXfeUT: 
Corrosion 
Current  (u-a) 

35 

650°?,  ?C 

12 

0.002 

3.1 

1»0 

650°?,  VJQ 

12 

0.002 

9-9 

60 

650®?,  FC 

12 

0.005 

11.6 

65 

630%  HQ 

12 

0.005 

12.2 

60 

800®?,  ?C 

k 

0.002 

12.6 

65 

dOO®?.  ?C 

h 

0.005 

lij.O 

75 

dOO®?,  V^Q 

1. 

•w 

0.002 

i^-5 

80 

500®?.  KQ 

k 

0.005 

IU.7 

90 

ai,  900*^,  ?C 

bi-crystal 

0.002 

14.0 

95 

Sk,  900®?,  FC 

bi-crj-stal 

0.005 

14.6 

95 

£A,  900®!-,  HQ 

bi-crystal 

0.OO2 

15-2 

100 

Sk,  900®?,  HQ 

bi- crystal 

0.005 

15.6 

-pecinsn  Cell  anode 


i 

I 
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Electrical  Ccaaections 
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^.pparatas  fee-  Measure:  leat  of  SLectrical  Resistance 
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PART  II.  S5SSSS  CORRCSIOK  CRACKUiG  OP  AUSTBJfITIC 

STAIULSSS  STEEL  BY  1«0°F  ’.ATSR  COlflAinilK}  RaCI 


A.  IKISODUCTIOH 

TMs  section  contains  vork  scccE^plished  during  the  lest  quarter  on 
the  stress-corrosion  cracking  of  .-•’istenitic  stalnle*'*  steels.  S:g>erinent5 
were  perfonsed  in  vhich  the ‘'wedging  action"  of  corr^.ion  products  ves 
exETslned.  ffeasureiaents  of  resultant  stresses  vers  .-tde  by  x-ray  and 
aechanical  teclmiques. 

Further  vork  vas  done  by  electron  cicroscop*'’  and  transmission  tech¬ 
niques  to  study  some  of  the  structure!  aspects  of  the  stress  corrosion 
cracking  technique. 

AlsOj  a  brief  review  of  previous  work  is  prtsei/ed.  Stress-corrosion 
data  obtained  for  materials  other  fnen  austenitic  stainless  steels  were 
reported  in  Progress  P.eport  2ios.  11,  12,  ana  19- 


3.  SIS^ARY  AlO  CORCLISIOHS 

Stainless  steels  exposed  to  sodiun  chloride  containing  waters  at 
elevated  teirperatures  develop  large  quantities  of  insoluble  corrosion 
products . 

The  inaoluble  corrosicxi  products,  wien  confined,  cay  produce  stresses 
sufficiently  high  to  prezaote  strcsi-corrosia.  crack  initiation  end  propa¬ 
gation  in  anueeled  austenitic  stainless  steel  specimens. 

Stresses  induced  by  the  ‘Hfedging  action"  ray  be  additive  to  internal 
and/or  applied  stresses. 

Mechanical  methods  and  x-ray  techniques  can  be  used  to  coo5>ire  the 
stresses  induced  by  the  "wedging  action"  of  confined  corrosion  products. 
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c.  RrSULTS  AJffi  DISCUSSIOM 

Results  to  date  oa  “vedglng  action"  have  shown  that  aon-soluhle 
corrosion  products  play  a  significant  role  in  the  initiation  and  propaga¬ 
tion  of  stress-corrosion  cracks  in  the  austenitic  ste.iiu.ew6  steels  vhen 
tnese  naterials  are  es^sed  to  HaCl  solutions  at  1*00°?.  2fae  nature  of 
the  prodiicts  causes  a  'Sredging  action"  in  confined  regions  such  as  pits 
and  cracks,  producing  tensile  stresses  at  the  base  of  cavity  which  are 
additive  to  the  appliec  stresses.  Inis  wedging  effect  is  probably  the 
rajor  source  of  saress  in  the  case  *imere  cracki-'g  occiars  under  very  low 
applied  stresses,  i-e.,  cracking  of  the  austenitic  stainless  steels  at 
applied  stress  c?  2000  psi. 

heasurenent  of  the  stresses  de /eloped  by  the  products  is  in  progress. 
Changes  in  lattice  poraneter  due  to  the  introduction  of  elastic  stains  in 
the  cpeciDen  neve  been  recorded  by  back-reil.ectico  r-ray  exasil  nation  in 
which  stresses  are  calculated  free  line  displacenent. 

A  nechanical  method,  based  on  the  deflection  of  a  titaniic  alloy 
bean,  was  also  used  in  which  corrosion  products  frcD  a  stainless  steel 
wedge  were  rade  to  acx  in  a  direction  per,.andicular  to  the  titaniun  been 
axis.  In  other  words,  the  wedge  behave.  :n  the  sane  nanner  as  the  screw 
in  Fig.  2  of  'Dechnicei  Report  Ifo.  2.  Stresses  are  then  calculated  free 
the  ancunt  of  deflection  in  the  titenim  been  as  a  function  of  ejqposure 


Elis  study  will  require  adaltiona?  research.  Ejqperinents  will  be 
necessary  to  detemine  the  identity  end  properties  of  the  corrosion 
product,  and  to  learn  tx>re  about  its  growth  in  confined  regions  before 
the  T-j»vir.qm  forces  exerted  can  be  detemined. 


Ri^C«TS  AiJD  PLTLICA'nOKS 


1.  Progrese 


Report  h'o. 


Period 


Date 


1 

February  -April 

Hay  19,  1956 

2 

2<^y-July 

August  2k,  1956 

3 

Angus t-October 

-Hov.  15,  1956 

1 

Noveciber- January 

Febmary  7,  1957 

5 

February-April 

June  5,  1957 

6 

Ifey-July 

July  51,  1957 

7 

August- October 

November  26,  1957 

8 

Hoveriber-  January 

February  10,  1958 

9 

February-April 

Kay  12,  I953 

ID 

Kay-July 

August  1,  1953 

11 

August- October 

Hovenber  2k,  1958 

12 

Kovenber- January 

February  25,  1959 

1? 

Febniary-April 

May  20,  I959 

lij 

1-iay-July 

August  il,  1959 

15 

Angus t-October 

Novenber  27,  1959 

16 

Hovenber- January 

March  10,  i960 

17 

February-April 

Kay  24,  i960 

lo 

1-iay-JiD.y 

Septenber  9,  i960 

19 

August- October 

Hoveriber  23,  196O 

20  (Final) 

Hoveciber- January 

January  51,  19& 

2.  Technical  and  Publications 


(Reprint)-  Bie  Effect  of  BO,  H2iCfe,  and  MOr  On  Corrosion 
of  Stainless  Steel  by  BgSOif,"  KcKinnell,  Loctofood,  ^iser'  Beck  and 
Pontanaj  Corrosion,  Jemiary  1953,  pp.  27-50. 


^clal  Paper  -  "Sorption  of  Scene  Diatcsaic  Gases  on  Stainless 
Steel  end  Iron  Surfaces  and  Its  Relation  to  Passivity."  Zeits.  f. 
Electrochen.,  &  (6/7),  753,  1958. 


-  7oechaaisn  of  Stress  Corrosion  of  Austenitic  Stainless 
Steels  in  High  Iteiroerature  Chloride  Vfeters, "  Staehle,  Beck,  Fontana,  April 
-958. 


rn.  — (Preprint)  -  "Influence  of  Hickel  on  Intergranular  Corrosion 
of  ItJp  ChrCEsiun  Steels,"  Upp,  Beck,  Fontana  Trans.  ASM;  pp.  759-772 
July  1958.  ' 


IR-4  (Reprint)  -  "Kechanisa  of  Stress  Corrosion  of  Austenitic 
Stainless  Steels  in  Chloride  Waters,"  Staehle,  Beck  and  rtsntana.  Corrosion, 
PP-  51-59,  July  15,  1959.  - 
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Special  Paper  -  "Stress  Corrosion  Cracking  of  Austenitic  Senin- 
less  Steels  in  High  Tenperature  Chloride  Vinter."  and  "Stress  Corrosion 
of  Austenitic  Stainless  Steels  by  Hoi  Salts, tet.  Soc.  Conferences, 

Vol.  4,  Hiysical  liet.  of  Stress  Corrosion  Fracture,  1959- 

gt-5  -  "Anodic  Polarization  Behavior  of  Ircn-Hickel  Alloys  in 
Sulfuric  Acid  Solutions,"  Econony,  ^iser.  Beck,  and  Fontana,  August  i960. 

TO»6  (Preprint)  -  "Rapid  Intergranular  Oxidation  of  lC-8  Stain¬ 
less  Steels  by  Oxygen  and  Sodiun  Chloride  at  Flevated  Oterq^ratures, " 
Pickering,  Beck,  Ftontana,  Trane.  Aa<,  pp.  795-505,  January  I961. 

(y^Vn  on  File)  -  totion  Picture  Film  on  "Stress  Corrosion  of 
l6-3  Stainless  Steel  by  IfeCl  Containing  IJaters  at  400°F, "  (1959)- 


Investigator _ T^,  ^^1 


Date  '  " !  '  ^  ^  ^ 


Supervisor  ..  .,>?] 


Date 


7  '^-  /{'■. 


For  The  Ohio  State  University  Resecrch  Foundation 

.A 


'lyt  Au<  0  '  ifiv  t 


Executive  Director 


Date  /(r/ 


